Abstract. Peroxisome proliferator-activated receptor (PPARs) are ligand-activated transcription factors that exert significant roles in the control of multiple physiological processes. The last decade has shown an increasing interest in the role played by the agonists of PPARs in antiinflammatory, anti-angiogenic, anti-fibrotic effects and in modulating oxidative stress response in different organs. Since the pathologic mechanisms of the majority of the blinding diseases, such as diabetic retinopathy (DR), age-related macular degeneration (AMD), glaucoma and optic neuropathy (ON), often involve neo-angiogenesis, inflammation and oxidative stressmediated cell death, evidences are accumulating on the potential benefits of PPAR modulation to prevent or ameliorate eye pathologies. In this review, we focused on the description of what is known about the role of PPARs in the ocular pathophysiological processes and on PPARs agonists as innovative adjuvants in the treatment of ocular diseases.
Introduction
Peroxisome proliferator-activated receptor (PPARs), a constituent of the nuclear receptor superfamily, is a ligand-activated transcription factor that plays a key role in the control of gene expression linked to various physiological processes [1] . PPAR has been first identified by homology cloning in Xenopus [2] and mice [3] and then in mammals [4] . It is most broadly expressed in adipose tissue, but also in immune/inflammatory cells (e.g., macrophages, monocytes), skeletal muscle, mucosa of the colon and cecum, kidney, heart, liver, the eyeball, and lung, [5] [6] [7] [8] . PPARs, like the other nuclear receptors, is included in distinct functional domains, among which an N-terminal transactivation domain (AF1), a highly conserved DNA-binding domain (DBD), and a C-terminal ligand-binding domain (LBD) containing a ligand-dependent trans-activation function (AF2) [9] . PPARs can regulate transcription by numerous mechanisms, including ligand-independent repression, ligand-dependent trans-repression, and liganddependent transactivation. PPARs is triggered by heterodimerization with the retinoid X receptor (RXR) into biologically active transcription factor and afterwards binds to peroxisome proliferator response elements (PPREs), thus acting as a transcriptional regulator [10, 11] . Moreover, PPARs is capable of modulating gene expression independently of binding to PPREs. PPARs owns a large T-shaped ligand-binding pocket that allows interaction with a structurally diverse library of ligands [12] . Endogenous ligands for PPARs include, nitrated fatty acids, unsaturated and oxidized fatty acids, prostaglandins and eicosanoids [13] . Thiazolidinediones (TZDs) among which pioglitazone, troglitazone, and rosiglitazone are synthetic PPARγ ligands with the capability to increase insulin sensitivity in humans and animals [14, 15] ; some of the TZDs are already in clinical application as insulin sensitizers in type 2 diabetic patients [16] . Due to the increasing number of scientific reports, PPARs ligands are in rapidly growing for their leading role in regulating metabolic processes.
Three PPARs: PPARα, PPARβ/δ, and PPARγ, have been recognized [2] . PPARα is largely expressed in heart, liver, stomach mucosa, kidney, and brown adipose tissue; PPARγ has been found principally in adipose tissue; PPARβ/δ is the most ubiquitously expressed [3, 4] , however its roles in physiological and pathophysiological processes are still unclear, especially, in human tissue. The recent development of PPARβ/δ knockout and transgenic mice has started to implicate roles for PPARβ/δ in metabolism, adipose tissue formation, brain development, wound healing, atherosclerosis, placental function, skeletal muscle function and colorectal carcinogenesis [5] [6] [7] .
In this review we discuss the knowledge regarding the role of PPARs in ocular pathophysiological processes and PPARs agonists as innovative adjuvants in the treatment of ocular diseases.
The majority of the studies have focused on PPARγ, in the light of its central role in the inflammation; while only few reports about PPARα and PPARβ/δ are present.
PPARs Expression in the Eye
All different isoforms of PPARs are constitutively expressed in the whole retina [17] but most of reports are referred to the retinal pigment epithelia (RPE). As it has recently reported from Ciudin and collaborators, PPARs are expressed in cultures of ARPE19 cells (a human immortalized line of RPE cells) and primary RPE cells [18] [19] [20] . ARPE19 cells as well as RPE do not express PPARγ2 and moderately express PPARγ1 and PPARβ. Primary RPE cells express low levels of PPARα, whereas the ARPE-19 cells presented moderate levels. Interestingly, it has been evaluated the PPARs expression in the freshly isolated RPE, and the results were slightly different from the cell cultures: a high representation of PPARα and PPAR β and a deficiency of PPARγ1 and PPARγ2 expression [18] [19] [20] .
In an interesting paper, it has been demonstrated that that PPAR α, β and γ were diffusely expressed in normal neuroretina and RPE of humans as well as mice [17] . PPARγ is heterogeneously expressed in the mammalian eye [21] . The eyeball, specifically the retina, is the extended part of the brain, therefore, eye development is highly correlated with the CNS. It has been provided that PPARγ is expressed in the retina, and is involved in many physiological and pathological processes, such as, age-related macular degeneration [22, 23] , retinal neuroprotection [24, 25] , and diabetic retinopathy [22, [29] [30] [31] .
PPARγ is highly represented in the retinal pigmented epithelium, in the iris choroidal endothelial cells, in choriocapillaris, in corneal endothelium and epithelium, and to a smaller extent in the intraocular muscles, retinal photoreceptor inner segments and outer plexiform layer and photoreceptor outer segments. It has been suggested in recent studies that PPARγ exert a pivotal role in oxidative stress response modulating the activation of several antioxidants involved in oxidative stress and influencing apoptotic or necrotic cell death [26] [27] [28] .
The effects of PPAR β in the eye are not very well known. Numerous studies have associated PPARβ activation with proangiogenic and proinflammatory effects. PPARβ induces VEGF and angiogenesis in different cell types. This suggests that PPARβ antagonist could be useful to treat models of eye disease involving neovascularization. However, the action of PPARβ seems consistent with that of the other PPARs since it also exerts anti-inflammatory activity, suggesting that its activities in ocular angiogenesis may be more complex [33] .
PPARα is present in the retina and in the cornea where it plays a protective anti-oxidant and wound healing effect [34] . Lipid use in retinal neurons is newly identified, the mediators of retinal fatty acid oxidation (FAO) are currently unknown. Recently, Pearsall and collaborators demonstrated a leading role for peroxisome proliferator activated receptor-alpha (PPARα) in retinal FAO, and furthermore, they indicated that FAO is crucial for the survival and maintenance of retinal neurons in physiological conditions [35] .
PPAR and Ocular Disease

Diabetic retinopathy
Diabetic retinopathy (DR) represents the leading cause of blindness, including working age individuals in developing countries, which is one of the most usual microvascular complications of diabetes. TZDs, synthetic PPARγ agonists, besides regulating lipid metabolism and increasing insulin sensitivity [22] , also play anti-atherogenic, anti-inflammatory, neuroprotective and antioxidative effects [22, [29] [30] [31] . Since these beneficial effects, they may exert therapeutic potential in diabetic microvascular complications such as DR.
In view of the role of inflammation in the pathogenesis of DR, it has been proposed that PPARγ ligands have therapeutic effects also as modulators of inflammation, other than providing glycemic control [33] . In diabetic patients, PPARγ agonists decrease several markers of inflammation, among which IL-6, serum levels of C-reactive protein, monocyte chemoattractant doi:10.11131/2018/101370 Page 3
Nuclear Receptor Research protein-1 (MCP-1), soluble CD40 ligand, matrix metalloproteinase-9 and plasminogen activator inhibitor-1, [29, 36] . Moreover, they have been demonstrated to suppress activated NFκB and decrease ROS generation in blood mononuclear cells [28, 29] .
Alteration of the inflammatory process has also been analyzed in DR animal models. In streptozotocin-induced DR, rosiglitazone has been demonstrated to inhibit both retinal leukostasis and retinal leakage [37] . The effect was not linked to down-regulation of proinflammatory cytokines, even though a reduction of the adhesion molecule ICAM was observed. Nitric Oxide (NO) of endothelial origin regulates ocular blood flow. In the endothelial dysfunction, which characterizes the initial stages of DR, a reduction in the bioavailability of NO may participate to impairment of ocular hemodynamics [38] .
To clarify whether endogenous PPARγ and its ligand, rosiglitazone, affect retinal leukostasis and the consequent vascular leakage, Muranaka and collaborators [37] used experimental diabetic in vivo models, more precisely, streptozotocin-induced diabetic C57BL/6 mice deficient for PPARγ expression (heterozygous genotype, PPARγ+/−) and Brown Norway rats. Retinal leukostasis and leakage, quantified by concanavalin A (Con A) lectin perfusion labeling combined with a fluorophotometric dextran leakage assay, were investigated at 120 days in diabetic PPARgamma+/-and wild-type mice and at 21 days in diabetic rats receiving rosiglitazone or the vehicle. Retinal leukostasis and leakage were greater in the diabetic PPARγ+/− mice, with respect to diabetic wild-type animal. Retinal leukostasis and leakage in diabetic rats were suppressed by rosiglitazone treatment. It has been also demonstrated that the upregulated ICAM-1 expression in the diabetic rat retina was reduced by rosiglitazone treatment. These results suggest that an endogenous pathway, involving PPARγ, provides protection against retinal leukostasis and retinal leakage in diabetes. In addition, treatment with PPARγ specific ligands, such as rosiglitazone, can diminish the progression of DR, since it has been demonstrated to inhibit retinal leukostasis and retinal leakage in diabetic rats [37] .
Other studies demonstrated that administration of troglitazone [39] and pioglitazone [40] significantly increased plasma VEGF expression in diabetic patients, which consequently determines higher risk of diabetic macular edema (DME) and the progression of DR. The association between DME and TZDs is still debated [22, 41] . Various authors reported that fluid retention in the macula or subclinical DME under TZDs treatment was never observed [42, 43] . Additional experimental and clinical studies are, however, necessary.
Apart from these synthetic PPAR agonists, traditional and herbal natural medicines, among which Astragalus membranaceus, Swietenia Mahagoni [44] , Pueraria thomsonii [44] , Danshaohuaxian formula [45] , Korean red ginseng [46] , and Turmeric [47] , have exhibited the potential effect in modulating DR via PPARs activation. Huang's group reviewed some studies on herbal or traditional medicine related to PPARs activation and on the probable mechanisms applied in the control of DR [8] . They established that plant-derived PPARs activators can represent a co-adjuvant or alternative therapy to delay or counteract the evolution of DR.
The role and the effect of PPARβ/δ in the eye and its effects in the diabetic eye are not well known and well-studied. Most of the studies have related PPARβ/δ activation with proinflammatory and pro-angiogenic effects; in fact, it has been demonstrated that the PPARβ/δ agonist, GW501516, increased VEGF expression and stimulates angiogenesis [48] . Taken together, PPARβ/δ is likely to play a role in DR, both in the components of inflammation and angiogenesis, although its effect remains to be clarified. [49] . This was confirmed by Dorne in 1977, who proposed clofibrate as therapy for exudative diabetic retinopathy [50] .
While, in a more recent work, it has been determined the expression of PPARα in the retina and it has been demonstrated down-regulation of PPARα in the retina of diabetes models. Furthermore, it has been also induced diabetes in PPARα-knockout mice that displayed more severe retinopathy than diabetic wild-type mice, in fact, they showed severe diabetes-induced retinal vascular leakage and retinal inflammation, while, PPARα overexpression in the retina of diabetic rats significantly alleviated DR. This study reveals that PPARα has an anti-inflammatory function in the retina and it also suggest that diabetes-induced down-regulation of PPARα plays an important role in DR and represents a novel therapeutic strategy of clinical relevance [51] Moreover, in another report, it has been demonstrated that PPARα agonism can exert proinflammatory and pro-angiogenic effects in ocular cells; in particular, the effect of WY-14 643, a selective PPARα agonist, on inflammatory cytokine released in human ocular cells was studied [34] and it was reported that WY-14643 significantly up-regulates vascular endothelial growth factor (VEGF) expression in this experimental model [34] . It has been shown that PPARα plays a neuroprotective role in several diseases, and it also involved in vascular homeostasis. Recently, two perspective clinical studies identified that the PPARα agonist fenofibrate had a robust therapeutic effect in diabetic retinopathy, although the molecular mechanism(s) of action remain poorly understood [52] .
The recent evidence that PPARα activation has a positive effect in DR derives from two seminal clinical trials: the FIELD [53] and the ACCORD-Eye [52] , which reported that DR progression was considerably decreased by fenofibrate (a PPARα as a hypolipedemic agent).
The FIELD (Fenofibrate Intervention and Event Lowering in Diabetes) Study illustrates the possibility of DR prevention by therapy with fenofibrate. [53] .
In this ophthalmological sub-study, retinopathy status and severity were assessed from twofield 45
∘ color fundus photographs of the macula (stereoscopic) and a disc/nasal field taken at baseline, 2 years and 5 years, and graded with Early Treatment Diabetic Retinopathy Study (ETDRS) criteria. A considerable and evident reduction (∼70%) in the risk of laser therapy for retinopathy was again confirmed for fenofibrate versus placebo. Nevertheless, only 28 patients needed laser treatment (23 in the placebo group and 5 in the fenofibrate group). Furthermore, DR progression was significantly weakened with fenofibrate in those patients with pre-existing DR at baseline (from 14.6% to 3.1%), but not in those without DR at baseline. Nonetheless, the number of events was slight (14 in the placebo group and 3 in the fenofibrate group).
The ACCORD trial comprised a lipid arm, in which patients were randomly indicated for treatment with placebo or fenofibrate in combination with open-label simvastatin [52] . Patients appropriate for this arm were also registered for the glycemia evaluation but additional recruitment criteria connecting to lipids (LDL cholesterol 1.55-4.65 mmol/L, HDL cholesterol <1.29 mmol/L [<1.42 mmol/L for women], and triglycerides <8.5 mmol/L [<4.5 mmol/L if receiving lipid-modifying therapy]). Retinopathy outcomes in ACCORD were assessed in a 4-year eye sub-study [52] . Randomization to fenofibrate relative to placebo (on background treatment with simvastatin) was related to an important decrease (from 10.2% to 6.5%,) in DR progression (3 doi:10.11131/2018/101370 Page 5
Nuclear Receptor Research or more steps on the EDTRS), with greater effect in patients with evidence of DR at baseline (absolute RR 6.9% versus 0.2% in those without DR at baseline). It should be highlighted that the decrease obtained with fenofibrate in combination with simvastatin (−40%) was even greater than that obtained in the arm of intensive glycemic control (−33%).
The comparisons between the effects of fenofibrate in the eye among the ACCORD-EYE and the FIELD studies are noticeable. In both trials, randomization to fenofibrate plus statin in a substantial proportion of patients by study end in FIELD, and entirely with a statin in ACCORD-EYE lead to clinically and statistically substantial decreases in the risk of a range of clinical endpoints associated with retinopathy [52, 53] . Summarizing, these trials displayed that fenofibrate therapy supports a relative decrease in DR progress of 30-40% over 4 to 6 years, with a significant advantage in patients with pre-existing DR. The FIELD and the ACCORD studies reported a reduced need for laser therapy and a slower progression of retinopathy with fenofibrate treatment. [52, 53] .
Dry eye
Recently, Chen et al. [54] described that the PPARγ expression in the conjunctiva of dry eye mice was down-regulated, accompanied by augmented contents of inflammatory cytokines, TNF-and IL-1. They also reported that pioglitazone could activate PPARγ to contain the inflammatory progression, elevate the tear film stability, intensify the tear fluid production, and diminish the injury to the ocular surface, showing a therapeutic effect on dry eye. In cultured lacrimal gland acinar cells, pioglitazone may inhibit NO production, which excessive synthesis can be detrimental for the normal function of the lacrimal gland, thus proposing that the use of PPARγ agonist may offer an effective therapeutic intervention for the prevention of dry eye caused by reduction or lack of lacrimal gland secretion [55] .
Age-related macular degeneration
Age-related macular degeneration (AMD) is the principal cause of vision loss in older people in the Western world. It is characterized by degeneration of the macula, the main area of the retina, with the highest concentration of cone photoreceptors, responsible for visual perception and colour vision. In AMD two stages has been identified: the early stage, is characterized by the formation of large drusen and pigmentary abnormalities [56] ; the late stage is divided into two groups: nonexudative ("dry" form) and an exudative/neovascular ("wet" form). The nonexudative form is marked by atrophic changes in the macula and clinically, has a slower deterioration and better preservation of visual acuity than exudative AMD [56] . Exudative AMD involves choroidal neovascularization, which is the formation of new abnormal blood vessels in the choriocapillaries through Bruch's membrane. These vessels tend to induce leakage and bleeding into the macula, and finally lead to irreversible injury to photoreceptors if left untreated [56] . Therefore, the exudative form accounts for most cases of significant visual loss from AMD [57] . (an AMD model) and AMD patients [17] . The exudative form of AMD, marked by choroidal neovascularization (CNV), is supposed to be responsible for most of the events of severe visual loss in this disease. Murata et al. [58] have proved that PPARγ ligands rosiglitazone or troglitazone, considerably reduced VEGF-induced migration and proliferation of RPE and choroidal endothelial cells and choroidal angiogenesis in vitro. In the eyes of monkeys and rat, in which CNV was provoked by laser photocoagulation, intravitreal injection of troglitazone intensely inhibited the percentage of lesions but also leakage per lesion. Increased intake of omega-3 longchain polyunsaturated fatty acids (-3 LCPUFAs), endogenous agonists of PPARs [59, 60] , is related with an attenuation of pathologic retinal and choroidal angiogenesis [61] . More recently, San Giovanni and colleagues discovered that DNA sequence variation in PPARs coactivator 1α, a gene encoding a coactivator of the -3 LCPUFAs-sensing PPAR-retinoid X receptor (RXR) transcription complex, can influence neovascularization in AMD [62] . The results propose that multiple constituent ligands and transcriptional coactivators of the PPAR-RXR system can alter pathogenic processes in CNV. There is a suggestion that dysfunction of RPE around the macula area may be responsible for the development of AMD [57, 63] . One of the most principal functions of RPE is phagocytic uptake and degradation of photoreceptor outer segments [19] . A report indicated that specific phagocytosis of photoreceptor outer segments by RPE cells selectively activates expression of PPARγ, proposing that PPARγ can exert a significant role in the photoreceptor renewal process [63] . Oxidative stress is a main risk factor causing RPE cell degeneration. Several studies have demonstrated that RPE might be the key target for oxidative stress and PPARs are involved in the oxidative stress signaling. In ARPE-19 cells and/or cultured human primary RPE cells, it has been indicated that troglitazone and 15d-PGJ2 protect cells from oxidative stress induced by butylhydroperoxide or HO [21, 63] . Other PPARs agonists, such as pioglitazone [40] , azelaoyl PAF [63] , ciglitazone [63] , rosiglitazone [19, 40] , AGN195037 [19] , WY14643 [63] and LY171883 [63] , however, were not effective. To understand whether the cytoprotective effects of troglitazone and 15d-PGJ2 are mediated by PPAR, PPARγ expression was knocked-down through RNA interference. In PPARγ-deficient cells, the positive effect of troglitazones was considerably inhibited [39] , whereas 15d-PGJ2 protective activity was not altered [19] . These data showed that the cytoprotective effect of troglitazone is PPAR-mediated, while the 15d-PGJ2-effect is PPAR-independent, and that PPARs agonists may exert various effects on RPE survival upon oxidative stress [63] .
Other interesting studies [64, 65] demonstrated for the first time a role of PPARβ/δ in regulating different aspects of extracellular matrix turnover, angiogenesis, inflammation, and lipid processing in the eye. PPARβ/δ affects the RPE and choroidal endothelium differentially, selectively impacting the development of several fundamental AMD phenotypes. In this study, it has been shown that PPARβ/δ activity is functionally important in RPE and choroidal endothelial cell models systems. PPARβ/δ knock-down expression led to an upregulation of extracellular matrix gene expression in primary RPE cells but to a downregulation in choroidal endothelial cells. Moreover, it has been observed a PPARβ/δ-dependent downregulation of the expression of critical factors for angiogenesis (including VEGF, PDGFR and TGF) in both cell populations, supporting the hypothesis that PPARβ/δ regulates crucial pathways in the development of neovascular lesions. Consistent with the in vitro studies, a significant decrease in area and volume of laser induced neovascular lesions was observed in both aged Pparβ/δ −/− and in Pparβ/δ +/+ mice following pharmacological antagonism of the receptor. In contrast to these find- Feldman and Co-Authors [65] examined the effect of ligand activation and pharmacological antagonism of PPARβ/δ on choroidal neovascularization using a laser-induced CNV model. Antagonism of PPARβ/δ provided a therapeutic effect on laser-induced lesion, whereas ligand activation of PPARβ/δ had no effect, as results obtained from former in vitro analyses [65] .
Optic neuritis and related disorders
Optic neuritis (ON), a demyelinating, inflammatory disease of the optic nerve, could be the initial symptom of multiple sclerosis (MS) or appearing during the progression of the disease. At any stage, approximately half of MS patients develop the optic neuritis. An idiopathic demyelinating disorder of the optic nerve also occurs as Neuro Myelitis Optica (NMO) or Devic's disease, which is described by the co-occurrence of typically bilateral and severe optic neuritis with spinal cord involvement and the presence of a highly specific serum autoantibody (NMOIgG), identifying the transmembrane channel Aquaporin 4. The restrictions between NMO and MS are relatively imprecise, from both the pathological and the clinical points of view and it is still a matter of controversy whether NMO has to be considered a variant of MS or a separate entity [66] .
In view of their role in inflammation, the possible therapeutic efficacy of PPARγ agonists has been examined in experimental autoimmune encephalomyelitis (EAE), an in vivo model of MS, in which the autoimmune reaction against myelin is provoked in animals by active sensitization with myelin components. Even though numerous criticisms have been raised towards this model, EAE still offers an advantageous tool to ameliorate our knowledge about the treatment and pathogenesis of MS. Moreover, EAE is considered a relevant model to better understand the demyelinated diseases of the optic nerve [25] . A supplementary in vivo model is represented by T-cell receptor transgenic mice specific for myelin oligodendrocyte glycoprotein (MOG). These mice showed isolated optic neuritis either after sensitization or spontaneously with suboptimal doses of MOG [67] . Therapeutic efficacy of PPARγ ligands has been shown in terms of improvement or suppression of clinical symptoms and reduction of inflammatory symptoms. Even though the anti-inflammatory activities of PPARγ agonists are multifaceted and intricate, various evidence has been provided indicating a direct action of PPARγ agonists on microglia/mononuclear phagocytic cells. In fact, participating in both adaptive and innate immune responses, microglia and mononuclear phagocytes are extremely implicated in the complex inflammatory signalling linked with MS. Their role has been extensively and recently reviewed [68, 69] . The PPARγ natural agonist, 15d-PGJ2 [70] and the PPARα agonist, gemfibrozil [71] were indicated to considerably reduce macrophage infiltration in the site of lesion. Smaller number of IL1β-positive cells were noticed in the EAE brain of mice treated with GW0742, a PPARδ agonist, and this finding was considered indicative of a decrease of glial doi:10.11131/2018/101370 Page 8
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Glaucoma
Glaucomas are a group of optic neuropathies characterized by progressive degeneration of retinal ganglion cells. These are central nervous system neurons that have their cell bodies in the inner retina and axons in the optic nerve. Degeneration of these nerves results in cupping, a characteristic appearance of the optic disc and visual loss. The biological basis of glaucoma is poorly understood and the factors contributing to its progression have not been fully characterized [76, 77] .
Glaucoma is one of the main cause of blindness in the world, which lead to retinal nerve fiber layer alterations; optic nerve head cupping; and typical visual field defect [78] . Elevated intraocular pressure (IOP) has been recognized as the major risk factor for the development of glaucoma and the only modifiable factor associated with the disease [79] . Convincing evidence indicates that an early insult occurs to retinal ganglion cell (RGC) axons at the optic nerve head and ultimately degenerate but the mechanism is still unclear, although early neuroinflammatory responses seem to suggest a role of inflammation in glaucoma pathology [80, 81] .
Lipid messengers and endocannabinoids from the PEA (Palmitoylethanolamide) family are synthesized in ocular tissue and have been identified as intraocular pressure reducing compounds [81] . PEA safety and efficacy have been evaluated in different clinical trials of inflammatory conditions and chronic pain states, including glaucoma. Due to the convergent pathogenetic pathways related to retinal glia activation, PEA holds a promise for both glaucoma as well as diabetic retinopathy [81] . PEA is a pleiotropic naturally occurring endogenous Nacetylethanolamine that plays an important biological role in many living organisms, including humans [81] . PEA's beneficial effects are dose-dependent and mediated through various receptors, such as PPARα, PPARγ, PPARβ, GPR 119, and TRPV1. PEA is known to down-regulate proinflammatory genes and possess a broad anti-inflammatory, antioxidant, and cytoprotective activities. As both glaucoma and diabetic retinopathy share a common pathogenetic pathway, PEA should be considered in the treatment and prophylaxis of retinal damage in both disorders [81] .
Different studies have pointed to the putative retina-protective properties of PEA, through the modulation of PPARs, especially the PPARα. Recently, it has been described as PEA is able to inhibit the induction of the proinflammatory genes, such as IL-1b, CCL4, and NOS2 and adhesion molecules, such as ICAM-1 and P-selectin. CCL4 can induce monocyte migration and this migration is also blocked by PEA [82] .
PPARα as well as PEA are localized in nervous tissue and their expression may show substantial changes during pathological conditions. Currently, there is a consensus in the literature regarding the idea that the PPAR family is one of the primary targets of PEA. Through activation of the PPARs, especially PPARα, PEA is attenuating proinflammatory mediators and/or increasing anti-inflammatory mediators [81, 82] . The role of PEA is not limited only to PPARα pathway, but different targets, such as PPARβ and PPARγ, play an additional role. In fact, in a study conducted on spinal cord injured mice it was demonstrated that PEA treatment induced a limited infiltration of inflammatory cells, a protective effect that was attenuated after 
Ocular injuries
The cornea is the ocular surface exerting protective role against external agents being transparent to enable the transmission of light. Chemical burns can alter this barrier [82] , and in addition to corneal injury and eyelid burns, are risk factors for ocular complications, including ulcers, scars and neovascularization (NV) [83, 84] .
Chemical burns can be divided into alkali and acid burns, with corneal alkali burns (CAB) frequently resulting in a greater severity of injury [85] . As previously stated, PPARs play a role in the control of a variety of inflammatory, angiogenic and also fibrotic physiological processes [22] .
The irregular remodeling of matrix structures may lead to scar formation. Scarring is due to the high proliferation of inflammatory cells and fibroblasts during burn wound healing [86] .
Corneal fibrosis can result in visual impairment and blindness. It has been detected that alkali burned corneas exhibit obvious interfibrillar distances with greater levels of the fibrotic marker α-smooth muscle actin (αSMA) [87] . TGFβ-induced differentiation of corneal fibroblasts to myofibroblasts could be avoided [88] . During healing, in the injured tissue of a CAB model, it has been observed an important increase of inflammation and scarring/fibrosis. The prognosis of CAB is dependent upon ocular surface inflammation and the scarring and fibrosis of the cornea and eyelid [89] . PPARγ possess strong anti-fibrotic properties in the cornea and several other types of tissue, with PPARγ ligands blocking αSMA induction [90] . Some studies have demonstrated that treating with ophthalmic solutions of PPARγ agonists, the fibrotic reaction is reduced in the early phase post-CAB and in additional fibrotic pathologies [89] [90] [91] [92] .
Thyroid eye disease
PPARγ has been found to be associated with thyroid eye disease (TED), an autoimmune disorder in which severe inflammation induces to orbital tissue remodelling, among which the accumulation of extracellular macromolecules and fat. Disease progression is determined by interactions between orbital fibroblasts and lymphocytes. These cells are involved in a cycle of mutual activation, which induces the tissue characteristics of TED. It has been demonstrated that PPARγ levels are higher in orbital tissue from patients with active TED than in controls or individuals with inactive TED [93] .
PPARγ activation is critical to adipogenesis, making it a potential culprit in the pathological fat accumulation associated with TED. Downregulation of PPARγ could reduce adipogenesis [94] . Starkey and collaborators reported that a male type 2 diabetic patient, treated with pioglitazone, experienced rapid exacerbation of his TED, which had been stable and inactive for more than 2 yr. In his in vitro experiments, by isolating and culturing preadipocytes from TED orbits, he demonstrated that the PPARγ agonists resulted in a 2-to 13-fold increase, and a PPARγ antagonist produced a 2-to 7-fold reduction in adipogenesis [95] . However, PPARγ also has anti-inflammatory activity. The anti-inflammatory potential of PPARγ can significantly affect TED since this transcription factor has been identified in orbital tissues from TED patients and since its activity may be involved in the regulation of IFNγ-induced chemokine expression; moreover, it has been reported that its activators might attenuate the recruitment of activated T-lymphocytes to sites of inflammation [96, 97] . Together, the evidence indicates that PPARγ ligands may interrupt communication between mononuclear cells and fibroblasts [95] . Nevertheless, PPARγ ligands can also promote T lymphocyte synthesis of IL-8. Consequently, the effects of PPARγ on T-lymphocytes are complex and require additional study. In particular, Pioglitazone and rosiglitazone have been found to inhibit TGFβ-induced, hyaluronan-dependent, T-cell adhesion to orbital fibroblasts, suggesting that they could inhibit intense inflammation and might be useful in treating TED [98] .
Conclusion
PPARs are present in the eye with different localization and different abundance, depending on the specific isotype. Their role in the regulation of inflammatory process has suggested their possible action in regulating inflammation and oxidative stress in ocular pathologies ( Figure  1 ). PPAR γ and its ligands were the most studied in eye diseases. TZDs (i.e., pioglitazone, troglitazone, and rosiglitazone) and 15d-PGJ2, are the existing therapeutic agents targeted to activate PPARγ and may represent innovative adjuvants in the treatment of ocular pathologies. In fact, as previously described, since inflammation is a crucial event in the eye diseases, it has been proposed that PPARγ ligands may have therapeutic effects by modulating inflammation, other than providing glycemic control [37] ; in addition, these results concur to novel genomic doi:10.11131/2018/101370 Page 11
Nuclear Receptor Research information that therapeutic targeting of PPARγ with a known PPARγ ligand, the TZD rosiglitazone, can diminish the progression of different ocular pathologies. For example, Pioglitazone and 15d-PGJ2 may inhibit corneal neovascularization and, interestingly, in retinal diseases troglitazone and rosiglitazone may attenuate the progression of AMD and DR in vivo or impact glaucoma or CAB.
In summary, several experimental studies and numerous clinical studies have offered evidences that PPARs, particularly the γ isoform, may represent a potential target for therapy that may be used as treatment of ocular pathologies. Nevertheless, the complexity of PPARs activation other than supporting positive effects, may present undesirable side-effects. Further preclinical and clinical trials are necessary to determine the efficacy and to demonstrate the safety of these drugs for the treatment of ocular pathologies.
